used on RNA isolated from the zebra finch telencephalon to identify gene products potentially involved in its development, including the sexually dimorphic nuclei responsible for song learning and production. A cDNA identified only in juvenile females was cloned and sequenced. It shares homology with neurocalcin, a calcium binding protein. Northern blots indicated three neurocalcin species. A 10.6 kb transcript was present in males and most females throughout development and in adulthood. Smaller 6.2 and 3.3 kb species were detected almost exclusively in females and primarily between posthatching days 18 -25. In situ hybridization, using a probe that identified all three mRNA species, indicated a broad distribution in the telencephalon of both sexes, with particularly high levels in the song nucleus RA. Across regions examined, neurocalcin expression was enhanced in females compared to males, probably reflecting the presence of the two smaller transcripts. However, within RA, neurocalcin expression was statistically equivalent between the sexes. These data indicate that calcium signaling via neurocalcin may be involved in telencephalic development, but suggest that sexually dimorphic expression of this gene exists on a level too general to specifically regulate masculine or feminine development of song control regions. Neurocalcin might: broadly influence functional differentiation, including areas that are not morphologically distinct between the sexes; be a benign consequence of general dimorphisms, such as those due to sex chromosomes; or involve a compensatory mechanism, which allows function of the juvenile female telencephalon to equal that of males, despite fundamental physiological differences.
INTRODUCTION
In many species of vertebrates, early gonadal secretions organize sex differences in neural morphology and/or function (Feder, 1981; Yahr, 1988; Meisel and Sachs, 1994) . These differences, particularly in brain areas important for reproduction, often relate to the frequency with which masculine or feminine behaviors are displayed (Cooke et al., 1998; Madeira and Lieberman, 1995) . However, not all sex differences can easily be explained by the actions of gonadal steroids (Arnold, 1997; Wade, 2001; Carruth et al., 2002) . In addition, sex differences in morphology need not always bias function; differences in the brains of males and females on a cellular (or molecular) level may in some cases even facilitate similar function of brain regions despite inherent differences between the sexes (De Vries and Boyle, 1998) .
The development of sex differences in the brain and behavior of zebra finches is particularly intriguing (Balthazart and Adkins-Regan, 2002) . Song learning and production are controlled by a series of interconnected regions within the telencephalon. Area X and the lateral portion of the magnocellular nucleus of the anterior neostriatum (lMAN) are involved in song learning (Bottjer et al., 1984; Scharff and Nottebohm, 1991) . The high vocal center (HVC) and robust nucleus of the archistriatum (RA) form the motor pathway for song production (Nottebohm et al., 1976; Simpson and Vicario, 1990) . HVC projects to RA, which in turn projects to the tracheosyringeal portion of the hypoglossal nucleus (nXIIts), which contains motoneurons that innervate the vocal organ, or syrinx (Nottebohm et al., 1976) . Sexual dimorphisms exist at a number of levels within this system (Arnold, 1992; Wade, 1999) . For example, only males sing, and the volumes of HVC and RA as well as the soma size and number of neurons within these nuclei are greater in males than in females. The projection from HVC to RA is more robust in males than in females. And Area X, which is easily identified in males, is not visible in females using standard Nissl stains. These neural dimorphisms, which are assumed to permit song production in males and inhibit it in females, develop between approximately 1 week and 2 months of age, with the most striking rate of differentiation occurring between days 15 and 35 posthatching (Bottjer et al., 1985; Kirn and DeVoogd, 1989; Nixdorf-Bergweiler, 1996) .
Similar to many other sexually dimorphic systems, both the structure and function of the zebra finch song system can be permanently modified by steroid hormones. For example, treatment of females with estradiol in the first few weeks after hatching can partially masculinize several morphological features of the neural song system as well as the capacity for females to sing in adulthood (Gurney, 1981 (Gurney, , 1982 Nordeen et al., 1986; Simpson and Vicario, 1991a, b; Grisham and Arnold, 1995) . However, some data are inconsistent with the hypothesis that gonadal secretions normally induce development of the more robust song system in males compared to females. Studies using aromatase inhibitors or estrogen receptor antagonists in males, or the induction of functional testicular tissue in genetic females, have produced either negative data or results opposite to those predicted if gonadal sex steroids normally induce masculinization (Mathews et al., 1988; Mathews and Arnold, 1990; Arnold, 1994, 1996; Wade et al., , 1999 . In contrast, estrogen produced in the brain masculinizes the projection from HVC to RA (Holloway and Clayton, 2001 ). Thus, while it seems that axonal growth is regulated by neural estradiol, other aspects of sexual differentiation may not be.
Whether or not hormones trigger the process, it is likely that differential gene/protein expression is important in the development of male and female brains. The present study was therefore conducted to identify gene products associated with that process. The approach was to use differential display reverse transcription-polymerase chain reaction (ddRT-PCR) to identify patterns of RNA expression that are present in the telencephalon of either juvenile females or males, but not both, and are absent in adults of both sexes. A cDNA encoding the calcium binding protein, neurocalcin, was identified from juvenile female zebra finch tissue using this technique. Northern blot analysis was then used to determine in more detail the age-and tissue-specificity of neurocalcin expression, and in situ hybridization was employed to characterize the distribution of neurocalcin mRNA in the brain.
MATERIALS AND METHODS

Tissue Collection and RNA Isolation for Differential Display and Northern Blot Analysis
The telencephalon of each zebra finch was removed following rapid decapitation, immediately frozen on dry ice, and stored at Ϫ80°C. Tissue was collected to obtain RNA for use in differential display from 19 -25-day-old males (n ϭ 4) and females (n ϭ 3), as well as from adults of both sexes (greater than 120 days of age; n ϭ 4 of each sex). For the Northern blot analyses, telencephalic tissue was collected from males and females from posthatching day 5 through adulthood (specific ages and sample sizes are indicated in Table 1 ). The cerebellum, liver, and syrinx were also collected from posthatching day 22 males and females.
Total RNA was isolated from individually homogenized samples with Trizol (Gibco Life Technologies, Grand Island, NY). Each sample was checked for concentration, and run on a gel to confirm purity and RNA integrity. Zebra finch RNA samples used for differential display were then pooled within sex and age group (see above) and brought to a final concentration of 100 ng/L. Samples for use on Northern blots were processed individually, with the exception of RNA from the syrinx that was pooled within sex (n ϭ 2 females and n ϭ 3 males) due to the small amount of product available. All samples were maintained in DEPC H 2 0 at Ϫ80°C until use.
ddRT-PCR
The four samples of pooled RNA (juvenile males and females; adult males and females) were treated with Deoxyri-bonuclease I (Gibco) per manufacturer's instructions. cDNA was synthesized using Superscript II RNase H Ϫ Reverse Transcriptase (Gibco) as follows. RNA (620 ng) and 3.75 M T 12 GC anchored primer in DEPC H 2 O were heated for 10 min at 70°C and chilled on ice. The first strand buffer, 0.01 M dithioreitol (DTT), 20 U RNasin (Promega, Madison WI), and 0.5 mM dNTP mix were added according to manufacturer's recommendation and incubated at 42°C for 2 min. Superscript II (200U) was added and the incubation continued at 42°C for an additional 50 min. The reaction was heat inactivated at 70°C for 15 min. Samples were chilled on ice, and 20 L of DEPC H 2 O was added. Reactions were stored at 4°C.
The cDNA was diluted (1:5) and added to PCR buffer, 1.5 mM MgCl 2 , 0.625 M arbitrary primer (TACAAC-GAGG; Bauer et al., 1993) , 2.8 M anchored T 12 GC primer, 2 M dNTPs, 1.1 Ci 33 P-dATP (New England Nuclear, Boston, MA), 1 U Taq polymerase and DEPC H 2 O to a total volume of 20 L. Samples were amplified under the following conditions: five cycles of 94°C for 30 s, 40°C for 1 min, 72°C for 1 min; 35 cycles of 94°C for 30 s, 45°C for 1 min, 72°C for 1 min; and an extension at 72°C for 5 min. Reactions were maintained at 4°C until further use.
Each sample was concentrated (9 L to 2 L) using a SpeedVac (Savant, Holbrook, NY) and heated for 2 min at 95°C following the addition of 1 L denaturing buffer (95% formamide, 0.025% xylene cyanol, 0.025% bromphenol blue, 0.05% EDTA, and 0.027% SDS). Samples were then chilled on ice and loaded onto a 0.2 mm 6% polyacrylamide denaturing sequencing gel and separated by electrophoresis for 15 h at 850 V. The gel was dried for 1 h at 80°C, allowed to cool, and exposed to film (Kodak Biomax MR1; Eastman Kodak, Rochester, NY).
Cloning and Sequencing
A number of sex-specific bands were detected. However, the present study is limited to one of interest that was evaluated in detail. The band was excised from the gel, eluted in TE, and reamplified under the PCR conditions described above using 5 L excised DNA, PCR buffer, 3 mM MgCl 2 , 50 M dNTP mix, 0.2 M anchored and arbitrary primers (TACAACGAGG and T 12 GC; Bauer et al., 1993) , 2.5 U Taq polymerase, and sterile H 2 O to a total volume of 50 L. Amplified cDNA was cloned into pGEM-T Easy Vector (Promega), and the individual strands were sequenced (PerkinElmer 373A DNA sequencer) with vector primers flanking the cDNA insert using the dye primer method. The data were analyzed with the Genbank BLAST search program. The cDNA shared a high degree of similarity with the 3Ј end of a sequence for chicken neurocalcin (see below). To verify that it coded for zebra finch neurocalcin, a cDNA containing the complete open reading frame was amplified from a 20-day-old female. The RT conditions outlined above were used, followed by amplification with primers that were designed based on the sequence of chicken neurocalcin and the partial zebra finch neurocalcin cDNA (corresponding to bases 41-60 and 759 -780 of the chicken neurocalcin cDNA, Genbank accession #U91630). The cDNA (1 L) was amplified in a 20 L reaction with PCR buffer, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 0.25 M forward and reverse primers, and 1 U Taq polymerase under the following conditions: 94°C for 5 min; 30 cycles of 94°C for 30 s, 65°C for 30 s, 72°C for 1 min; and an extension at 72°C for 1 min. The amplified cDNA was cloned into pGEM-T Easy Vector (Promega), and sequences were initially obtained using dye terminator procedures with vector specific primers. The remaining portions of the sequence were obtained using custom-designed internal primers corresponding to positions ϩ216 to 236 and ϩ354 to 376 of the zebra finch neurocalcin cDNA (see below). All of the sequence information reported was confirmed in both directions.
Northern Blot Analysis
Total RNA (15 g/lane) was electrophoretically separated on a 1% agarose/formaldehyde gel, transferred onto a nylon membrane (Zeta Probe; BioRad, Hercules, CA), and crosslinked (UV Stratalinker; Stratagene, La Jolla, CA). RNasefree DNase I digestion and PCR experiments confirmed the absence of genomic DNA contamination in RNA samples
Table 1 Ratio of Individuals Expressing the Three Neurocalcin Transcripts in Telencephalic Tissue
10.6 kb 4/4 6/6 2/2 3/3 2/2 2/2 1/1 1/1 2/2 3/4 1/1 1/1 9/9 13/13 1/1 1/1 1/1 1/1 6.2 kb 0/4 0/6 0/2 0/3 1/2 1/2 0/1 0/1 0/2 2/4 0/1 0/1 0/9 4/13 0/1 1/1 0/1 1/1 3.3 kb 0/4 0/4 0/2 0/3 0/2 0/2 0/1 0/1 0/2 2/4 0/1 0/1 0/9 4/13 0/1 0/1 0/1 0/1 utilized for Northern analyses. A probe that coded for the 3Ј untranslated region was synthesized from the plasmid containing the original neurocalcin ddRT-PCR product.
Once the complete open reading frame had been sequenced, a second probe was made to the 5Ј end of zebra finch neurocalcin. This probe corresponded to bases Ϫ73 to ϩ141 of cDNA and was cloned into pBluescript II SKϩ (Stratagene). The 5Ј end zebra finch probe was highly specific for neurocalcin; the 214 bases were 93% identical to chicken neurocalcin (Genbank accession #U91630), but shared 14% or less nucleotide sequence identity with other neuron specific calcium sensor family members. Similarly, while the portion of the probe corresponding to the 5Ј untranslated region contained sequence apparently unique to birds, the 141 bases corresponding to the coding region were 85% identical to human neurocalcin delta (#AF251061) and 84% identical to bovine neurocalcin (#D10884). The cDNA fragments were labeled with [␣-32 P]dCTP as follows. Appropriate sense and antisense primers (0.25 M) were added to PCR buffer, 2.5 mM MgCl 2 , 1.55 M dNTPs (-dCTP) with 50 Ci [␣-32 P]dCTP, 100 pg cDNA template, and 1.5 U Taq polymerase. The 32 P cDNA was amplified using the following conditions: 95°C for 5 min; 40 cycles of 94°C for 30 s, 54°C for 1 min, 72°C for 1.5 min; and an extension at 72°C for 10 min. Membranes were prehybridized at 42°C for a minimum of 6 h in 50% formamide, 5X SSC, 5X Denhardts, 0.1% SDS, 50 mM NaPO 4 , and 250 g/mL of heat-denatured herring sperm DNA (Boehringer Mannheim, Indianapolis, IN). Probes were heat denatured for 10 min at 100°C and then individually hybridized to the membranes for a minimum of 16 h at 42°C in a buffer containing 50% formamide, 5X SSC, 1X or 5X Denhardt's, 0.1% SDS, 20 or 50 mM NaPO 4 , 10% dextran sulfate, and 100 g/mL heat-denatured herring sperm DNA. Membranes were washed in decreasing concentrations of SSC and 0.1% SDS two or three times at 42°C. If necessary, they were then washed in 0.1X SSC and 0.1% SDS at increasing temperatures (up to 70°C) until the background radioactivity averaged 250 counts per minute or less. Blots were exposed to film (Kodak X-OMAT AR; Eastman Kodak) and were stripped in 0.1X SSC and 0.5% SDS at 95°C for 20 -40 min before reprobing. A ribosomal protein L19 probe (360 bp) was also synthesized, and used as a loading control on each blot under the same hybridization conditions as neurocalcin.
To verify the presence and relative abundance of the three neurocalcin transcripts detected on Northern blots by visual observation, optical density measurements for each of the tissues (telencephalon, cerebellum, liver, and syrinx) were obtained using Scion Image (NIH software). Under consistent illumination, images were captured from the films using a video camera mounted over a light box. Separately for each transcript, a box covering the area of the smallest band (least hybridization) was drawn, and the average optical density was calculated. A box of the same size was then used to measure the average optical density of bands across the row. In lanes without detectable bands, a box was drawn in the blank area where the band would be expected, and the optical density determined. For each lane, a ratio was calculated of the average optical density of each of the neurocalcin bands, divided by the average optical density of the loading control. For bands detectable by visual observation, the ratios were between 0.92 and 1.22. Optical density ratios were between 0.24 and 0.85 in areas where no bands were detectable by eye. For most blots that were analyzed, no overlap existed between bands that were identified as present or not present by eye. However, a total of three bands (on two different blots) appeared ambiguous by visual inspection. The optical density ratios all fell within the range of bands that were not detectable, and were therefore considered as such.
In Situ Hybridization
Following rapid decapitation, brains were collected from 22-day-old males and females (n ϭ 7 each sex), quick frozen in chilled methyl-butane, and stored at Ϫ80°C. Frozen brains were coronally sectioned at 20 m, thaw mounted onto SuperFrost Plus slides (Fisher Scientific), and stored at Ϫ80°C until processing. Adjacent sections were placed on separate slides so that sense and antisense probes could be used on the same brain.
At the time of processing, the brain sections were thawed to room temperature and fixed in 10% phosphate buffered formalin for 10 min. After fixation, sections were briefly rinsed in 2X SSC, followed by a 10 min incubation in 0.1 M triethanolamine and 0.25% acetic anhydride. Sections were then washed in 2X SSC, dehydrated through a series of graded alcohols, delipidated in chloroform, rinsed in 95% ethanol, and air dried.
The 35 S-labeled cRNA riboprobes (antisense and sense) for zebra finch neurocalcin were generated from the 5Ј neurocalcin cDNA used for Northern analyses. The antisense probe was transcribed in a reaction mixture containing 2 g of DNA template (linearized with Xho 1), 1X transcription buffer (Stratagene), 1.2 mM rNTPs (-rUTP), 30 mM DTT, 62.5 Ci 35 S-UTP, 1 U RNase inhibitor, 3 U T3 RNA polymerase, and DEPC H 2 O. The reaction mixture was heated at 37°C for 1 h, after which 2 L of RNasefree-DNase was added, and the reaction mixture heated for an additional 15 min. Unincorporated nucleotides were removed by spin-column filtration through Sephadex G50 beads. The sense control probe was labeled in an identical manner with the exception of using BAMH 1 to linearize and 3 U T7 RNA polymerase.
Both probes were diluted in hybridization buffer (50% formamide, 0.3 M NaCl, 10 mM Tris, 1 mM EDTA, 1X Denhardts, 50 mM DTT, 0.05 mg/mL yeast tRNA, and 10% dextran sulfate) to yield a final concentration of 1.0 ϫ 10 6 c.p.m./50 L of hybridization buffer. Diluted probe was applied to each slide and the sections were covered with a strip of parafilm. Slides were then placed in Plexiglas boxes lined with DEPC-H 2 O-moistened filter paper, sealed with plastic wrap, and placed at 55°C for 20 -24 h. Following hybridization, the coverslips were floated off, and the slides washed in 2X SSC. To digest all nonspecifically hybridized RNA, sections were then incubated in RNase A (50 g/mL) for 1 h at 37°C. Slides were rinsed in decreasing concentrations of SSC containing 0.1% ␤-mercaptoethanol, followed by dehydration in a graded series of alcohols, and allowed to air dry. Finally, the slides were dipped into Kodak NTB-2 autoradiographic emulsion, air dried, and exposed for 2 weeks at 4°C. Slides were developed in Dektol, fixed (Eastman Kodak), counterstained with the Nissl stain thionin, dehydrated, cleared in xylene, and coverslipped.
The distribution of cells labeled with silver grains was characterized under bright and dark field microscopy using an Olympus BX-60 microscope. A canary atlas was used to match comparable sections from each animal and to identify the brain regions (Stokes et al., 1974) . To get an impression of the overall distribution and relative levels of neurocalcin expression, an observer blind to the sex of the animal ranked the intensity of labeling on a 4-point scale (0, 1, 2, 3). These ratings were based on visual inspection and were designed to be approximately evenly divided over the intensity range, with 0 representing labeling similar to background (silver grain density in sections treated with the sense probe) and 3 representing intense labeling comparable to that in RA of females (see below). The following regions, spanning the entire rostral-caudal continuum of the brain, were analyzed: cerebellum, RA, archistriatum dorsale, archistriatum, preoptic/hypothalamic area, parolfactory lobe/area X, hippocampus, HVC, and paleostriatum augmentatum. The neostriatum, neostriatum caudale, and hyperstriatum ventrale were also investigated, but the approximate rostral and caudal halves of each were rated separately because the intensity of labeling clearly increased from anterior to posterior. As no nonparametric test is available for this type of design, data were analyzed by a mixed model two-way ANOVA to compare the effects of sex (between subjects) and brain areas (within subjects). While not used extensively in biological research, employing ANOVAs for this type of ordinal data is routine in some other disciplines, including various fields of psychology (e.g., some intelligence testing and the evaluation of data collected by questionnaires that use scales of even fewer values than ours). This statistical analysis is appropriate as long as the difference between each level (e.g., 0 -1 and 1-2) is roughly equivalent (Diekhoff, 1992; Maxwell and Delaney, 1990) .
Using this method, we noted that the pattern of expression was highly consistent across individuals, but the overall intensity of neurocalcin mRNA expression was increased in females compared to males. To determine whether the sexual dimorphism that was so obvious across the telencephalon as a whole was likely to be biologically relevant in a brain region of particular interest, we analyzed silver grain density in two structures, RA and the cerebellum. We chose RA because the labeling appeared more intense than in other regions, and this area is part of the highly sexually dimorphic song circuit. The cerebellum was examined as a control, because it was not expected to be sexually dimorphic in either structure or function, and the minimal amount of labeling that it contained did not appear more intense in females. For each of the seven male and female brains on which in situ hybridization was conducted, bright field images were captured in Scion Image without knowledge of animal's sex. A box of the same size was centered in each of the two brain regions, and the area (m 2 ) covered by silver grains was determined using the density slice function (Rosen et al., 2002 ). An average of four measurements (left and right in two sections) were determined for RA; two adjacent sections were used from the center of the cerebellum. This process was used for sections exposed to both the antisense and sense probes. The background silver grain area (from the sense-treated sections) was subtracted from that covering the antisense-treated sections and then divided by the size of the box to determine the percentage of area specifically labeled for neurocalcin. Data were analyzed separately for RA and the cerebellum by t tests.
RESULTS
Initial Identification of a Sexually Dimorphic cDNA Expressed in the Developing Zebra Finch Telencephalon
A band that appeared in only the pooled juvenile female sample was detected using ddRT-PCR (Fig.  1) . Initial sequence analyses (3Ј end) tentatively identified the cDNA as coding for neurocalcin. Sequence analysis of a cDNA containing the complete open reading frame confirmed its identity. Similar to other calcium binding proteins in the family, zebra finch neurocalcin has four potential calcium binding EFhands (Fig. 2) , and contains the consensus myristoylation site at the N-terminus. The deduced amino acid sequence derived from the zebra finch neurocalcin cDNA (GenBank accession #AF272896) is identical to that of chicken neurocalcin, and of the 193 amino acids in bovine neurocalcin and human neurocalcin delta, the zebra finch sequence differs in only one position ( Fig. 3 ; Okazaki et al., 1992; Terasawa et al., 1992; Wang et al., 2001 ). The zebra finch amino acid sequence shares 89% identity with Drosophila neurocalcin and is similar to other members of the neuronal calcium sensor family, including human hippocalcin ( Fig. 3 ; Teng et al., 1994; Nef, 1996) .
Characterization of Neurocalcin RNA Species: Sex-, Age-, and TissueSpecificity
Northern blot analyses were used to characterize the pattern of neurocalcin RNA expression in the telencephalon, using total RNA samples collected from posthatching males and females. RNA from males and females of the same ages were always run to-gether, and samples were processed such that several different ages were represented on each blot. A total of seven blots were run with the sample sizes and ages represented in Table 1 .
In the telencephalon, at least three distinct transcripts were detected with two different probes that coded for the 5Ј and 3Ј ends of the open reading frame of zebra finch neurocalcin (Fig. 4) . A 10.6 kb transcript was detected in both sexes at all ages examined, with the exception of one 20-day-old female. Fisher Exact tests confirmed that there was no sex difference in the proportion of individuals expressing this transcript (p Ͼ .999). Two smaller transcripts (6.2 and 3.3kb) were sexually dimorphic in their expression (Fisher Exact; p ϭ .006 and p ϭ .010, respectively). They also appeared to be developmentally regulated. That is, neither was detected in the first 2 weeks after hatching or in animals 70 days of age or older. Within the 18 -25 day age range, 42% of females expressed the 6.2 kb transcript and 25% expressed the 3.3 kb transcript. These two transcripts were also weakly detected in one female at each of days 30, 52, and 60. The 6.2 kb transcript was also expressed in one 18-day-old male, but the 3.3 kb transcript was never detected in males at any age (Table 1) . Expression of the 10.6 kb transcript was comparable across all samples. However, in four females that expressed the two smaller transcripts (at days 22, 52, and 60), it appeared diminished. The most dramatic example of this and the absence in the day 20 female are depicted in Figure 4 .
The tissue-specificity of neurocalcin expression was examined in RNA from six females and six males. Each animal was 22 days of age, and all samples were run together on a single blot. Only the 10.6 kb transcript was detected in all telencephalic and cerebellar samples. However, consistent with results of the in situ hybridization (see below), the optical density ratio of this band in the cerebellar samples was approximately half that detected in telencephalic samples. None of the neurocalcin transcripts were detected in samples from the liver or syrinx (data not shown).
Distribution and Relative Intensity of Neurocalcin Expression in Specific Regions of Male and Female Zebra Finch Brain
In situ hybridization indicated broad, specific labeling of neurocalcin mRNA throughout the telencephalon in day 22 posthatching males and females. The expression of one or more of the transcripts (the antisense probe recognized all three) overlapped with several song control nuclei, but was particularly high in RA (Fig. 5) . Outside of the telencephalon, expression was much lower (Fig. 6) , as indicated by a significant effect of brain region [F(14, 168) ϭ .33]. While the female-biased expression was consistent across regions of the telencephalon (Fig.  7) , within RA silver grain density was not significantly different between the sexes (t ϭ 0.51, p ϭ .62). Labeling also did not differ statistically between the sexes in the cerebellum (t ϭ 1.73, p ϭ .11). In both cases, the direction of the difference was consistent with the ordinal data (greater ex- Figure 3 Amino acid sequence of zebra finch neurocalcin (NCa) compared to that of chicken, human, bovine, and Drosophila neurocalcins. Human hippocalcin (HippoCa), a related protein in the neuron calcium sensor family, is also shown (Takamatsu et al., 1994) . Amino acid residues identical to those in zebra finch neurocalcin are depicted in capital letters.
Figure 4
Northern blot analysis of neurocalcin RNA expression in the telencephalon. Total RNA from females and males at days 20 -60 posthatching was used. Hybridization to the 32 P-labeled 3Ј zebra finch neurocalcin probe is depicted, although an identical pattern was detected with the 5Ј neurocalcin probe. pression in the female RA, greater expression in the male cerebellum).
DISCUSSION
General Summary and Conclusions
In mammals and in birds, sex differences in gene expression may contribute to overall differences in morphology and behavior (Arnold, 2002; Balthazart and Adkins-Regan, 2002) . This article documents the cloning and sequencing of sexually dimorphic zebra finch neurocalcin, originally generated using ddRT-PCR procedures. Northern blot analyses indicated at least three distinct transcripts. One large (10.6 kb) neurocalcin RNA species was expressed in the telencephalon of males and most females from posthatching day 5 to adulthood. Two smaller (6.2 and 3.3 kb) RNA species were detected overwhelmingly in females primarily between the ages of 18 -25 days posthatching. The expression of neurocalcin mRNA in both sexes was broadly distributed throughout the telencephalon and overlapped with several nuclei of the song control circuit. The enhanced expression of neurocalcin mRNA detected in females was most likely due to the presence of one or both of the two smaller transcripts, because the large transcript was generally comparable in both sexes at all ages. However, it is possible that the 6.2 and 3.3 kb species may be spliced from the 10.6 kb RNA, because expression of the large transcript was diminished when the two smaller ones were present in some individuals.
It will be important in the future to isolate and characterize the individual transcripts to assess their origin and potential function. However, several pieces of evidence confirm that multiple transcripts do exist. For example, identical expression patterns were detected with two different probes generated from opposite ends of the neurocalcin cDNA. Enhanced expression of neurocalcin in juvenile females was Camera lucida sketches depicting the distribution and relative intensity of neurocalcin mRNA expression. The pattern was very similar in both sexes. Coronal sections, 250 m apart, are arranged rostral to caudal (top left to bottom right). Increasing intensity of gray represents more neurocalcin mRNA labeling. Abbreviations: A, archistriatum; Ad, archistriatum dorsale; APH, area parahippocampalis; Cb, cerebellum; CO, chiasma opticum; CoA, commissura anterior; HA, hyperstriatum accessorium; HD, hyperstriatum dorsale; HV, hyperstriatum ventrale; HP, hippocampus; HVC, high vocal center; Ico, nucleus intercollicularis; lMAN, lateral magnocellular nucleus of the anterior neostriatum; LH, lamin hyperstriatica; LPO (X), lobus parolfactorius/area X; N, neostriatum; NC, neostriatum caudale; PA, paleostriatum augmentatum; RA, robust nucleus of the archistriatum; Rt, nucleus rotundus; TeO, tectum opticum; V, ventricle. detected by both Northern blot and in situ hybridization. DNase treatment, reducing the gel concentration to increase separation of the RNA, and modifying the hybridization conditions to decrease the amount of nonspecific binding on the Northerns did not affect detection of the transcripts. Additionally, RNA was extracted from samples in random order, so it is highly unlikely that some complication in processing induced a female-biased artifact.
The timing and expression patterns are consistent with the idea that neurocalcin is involved in the development of the telencephalon, including circuits within the song system and areas of the brain responsible for song perception (e.g., caudomedial neostriatum) (Mello and Clayton, 1994; Mello and Ribeiro, 1998; Kruse et al., 2000; Bailey et al., 2002) and memory (hippocampus) (Biegler et al., 2001) . However, it is clear that sexual differentiation of the song system is not specifically affected by neurocalcin for the following reasons: the mRNA expression is too widespread; the silver grain analysis did not detect a significant sex difference in RA; and our more general analysis indicated that the average difference in labeling between males and females was even smaller in HVC, lMAN, and the lobus parolfactorius (which contains Area X in males). It is possible that a more complete analysis of silver grain density in specific regions might have revealed a statistically significant difference between the sexes (such as in the preoptic area or hippocampus), but the most striking aspect of the data is the consistency of the female-biased expression across the telencephalon and at least one portion of the diencephalon (hypothalamus).
While clearly sexually dimorphic, the expression of the 6.2 and 3.3 kb transcripts was variable among juvenile females (see Table 1 ). One possible explanation is that the expression of the 6.2 and 3.3 kb transcripts is generally restricted to a finite developmental period. All females may express the transcripts, but typically do so during a narrow developmental window, which we could have missed for many of the birds. Animals that are developmentally less mature, for example ones part of a large nest of siblings, may express the transcripts at an age later than when we collected the tissue. In contrast, the weak expression of the two smaller transcripts in two females at days 52 and 60 might indicate a regulatory Figure 7 Average intensity of neurocalcin mRNA labeling in each sex (0 ϭ least intense, 3 ϭ most intense). Overall, mRNA expression was greater in females than in males. Abbreviations: A, archistriatum; Ad, archistriatum dorsale; c.HV, caudal hyperstriatum ventrale; c.N, caudal neostriatum; c.NC, caudal neostriatum caudale; Cb, cerebellum; HP, hippocampus; HVC, high vocal center; LPO (X), lobus parolfactorius/area X; PA, paleostriatum augmentatum; POA/Hyp, preoptic/ hypothalamic; r.HV, rostral hyperstriatum ventrale; r.N, rostral neostriatum; r.NC, rostral neostriatum caudale; RA, robust nucleus of the archistriatum. mechanism for neurocalcin that can occur at a wide range of juvenile stages.
Calcium Binding Proteins and the Influence of Calcium in the Nervous System
Neurocalcin is a calcium binding protein, a member of the EF-hand superfamily, which contains more than 250 individual proteins. Multiple isoforms of neurocalcin (␣, ␤, ␥1, ␥2, ␦) have been identified in several species, and one or more is expressed in various tissues, including bovine cerebrum, cerebellum and brainstem, rat hippocampus, cerebellum, inner ear and olfactory bulb, the human temporal cortex, ovary and testis, the abdominal ganglion of Aplysia and the central nervous system of Drosophila Hidaka and Okazaki, 1993; Iino et al., 1995; Kato et al., 1998; Wang et al., 2001; Braunewell and Gundelfinger, 1999) . As in other species, zebra finch neurocalcin has four potential calcium binding EF-hands, although in at least bovine neurocalcin, only three are functional Vijay-Kumar and Kumar, 1999) . Specific functions of neurocalcin are not known in any species (Burgoyne and Weiss, 2001) . As a whole, however, the family of calcium binding proteins appears to be involved in buffering intracellular calcium and/or facilitating communication between calcium and other second messenger systems (Heizmann, 1992; Clapham, 1995; Braunewell and Gundelfinger, 1999; Burgoyne and Weiss, 2001) . Recently, neurocalcin delta was determined to interact specifically with clathrin heavy chain, ␣-and ␤-tubulin, and ␤-actin, suggesting potential functions in the control of vesicle release and cytoskeletal changes (Ivings et al., 2002) . Consistent with that idea, calcium regulation is known to be critical for mediating changes in neural structure and function, including neurite extension, gene transcription, and neurotransmitter release (Mattson, 1992; Burgoyne and Morgan, 1995; Braunewell and Gundelfinger, 1999) . Calcium regulation by calbindin-D 28K and calretinin may influence sexual differentiation of the mammalian preoptic area by affecting cell survival (Brager et al., 1999; Stuart and Lephardt, 1999) .
Neurocalcin may mediate forebrain development via one or more of these mechanisms, but more work is needed to address this possibility. However, a clue to its function may come from its anatomical distribution in zebra finches. The mRNA expression in juveniles overlaps with that of aromatase enzyme and estrogen receptor alpha in several broad regions of the forebrain during development, including the preoptic area, caudomedial neostriatum, HVC, and RA (Jacobs et al., 1999) . Therefore, it is conceivable that neurocalcin and estradiol interact to influence neural development. Again, any interaction among these proteins is unlikely to directly mediate sexual differentiation of the song circuit. In addition to the lack of a specific sex difference in neurocalcin expression in song control nuclei, brain aromatase (Schlinger and Arnold, 1992; Wade et al., 1995; Saldanha et al., 2000) , plasma estradiol (Adkins-Regan et al., 1990; Schlinger and Arnold, 1992) , and estrogen receptors (Gahr, 1996; Jacobs et al., 1999) are generally equivalent in developing male and female zebra finch brain. However, the extent of the overlap of neurocalcin and estrogen-related proteins during development suggests that their interaction should be investigated.
A Sex Difference that Promotes Similarity?
It will clearly be important to learn the sequence and distribution of the female specific transcripts, because we do not currently know if they are translated into functional protein or where they are specifically expressed. If the smaller transcripts are not functional, then neurocalcin may be generally equivalent between the sexes, and the smaller RNAs may simply be a benign consequence of some other fundamental difference between the males and females, such as those due to sex chromosomes. However, if these transcripts that are expressed almost exclusively in females code for protein(s) that do bind calcium, then functional differences between the sexes are far more widespread than typically considered and certainly span areas that are not morphologically distinct between the sexes. If it exists, the enhanced calcium binding in females would indicate a fundamental sex difference in the developing telencephalon that includes, but is not limited to, the song control system. This calcium buffering or signaling might influence neurogenesis, cell migration, survival, or even apoptosis in the developing telencephalon. Alternatively, because of the widespread nature of the neurocalcin expression, we should also consider the possibility that rather than the smaller transcripts enhancing a function in females during development, they may actually be compensating for inherent physiological differences between the sexes (De Vries and Boyle, 1998) . That is, the increased neurocalcin expression in females might reflect a level of calcium binding/ signaling that simply allows basic telencephalic development to occur in a manner similar to males.
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